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Starting from an aqueous solution, porous zinc ferrite-based xerogel monoliths have been prepared via 
sol-gel route accompanied by phase separation mediated by propylene oxide in the presence of 
poly(acrylamide).  The xerogels possess well-defined macropores, and the macroporous morphologies 
could be easily controllable (macropore size ranges from 0.55 to 1.29 m) by simply changing the 
starting composition.  As-dried xerogel samples were amorphous under X-ray diffraction, while heat-10 
treatment in air brought about the formation of spinel type ferrite phase, ZnFe2O4.  Calcination under Ar 
atmosphere allowed the crystallization of various iron-based phases/carbon composites (Fe3O4, Fe1-O, 
Fe3N, Fe4N, Fe3C, and Fe).  Samples heated under Ar flow exhibited hierarchical pore structures, 
including continuous macropores, in addition to mesopores and micropores embedded in the carbon-
containing composite matrices. 15 
Introduction 
Metal oxides composed of multiple metal ions with different 
valences often crystallize in characteristic structures such as 
spinel and perovskite; spinel type mixed oxides are major 
materials for pigments, catalysts, and magnetic media and so on.1 20 
Among them, ferrite, iron oxide-based mixed metal oxide, has 
been extensively studied due to its unique property.  Spinel type 
ferrite (MFe2O4; M = Mn, Zn, Co, Cu, Ni etc.) is a well-known 
magnetic material, called “soft-ferrite”, and finds a variety of 
applications in industry.  Owing to its remarkable properties 25 
controlled by the relative concentration of constituent cations,2 
such as high magnetic permeability, high electric resistance and 
low eddy-current loss, the soft-ferrites have been used in various 
fields: inductance materials for high-frequency, magnetic cores, 
shielding materials, and magnetic separation filter as well as 30 
catalyst, adsorbent, and electrode.3  Hexagonal type ferrite 
(MFe12O19; M = Ba, Sr etc.) and garnet type ferrite (MFe5O12; M 
= Y etc.) have been applied for, for example, microwave absorber 
and so on.4  Recently, porous ferrite including several 
morphologies has been actively synthesized.5  For these 35 
applications, in the case of conventional particulate materials, it is 
essential to control the morphology in a length scale from 
nanometer to micrometer, in addition to the surface area and 
particle size distributions.6  On the other hand, monolithic porous 
materials with high surface area have been utilized as separation 40 
media and catalysts owing to their characteristic “co-continuous” 
macroporous structure that facilitates fast transport of external 
liquid or gas into the pore surfaces.7  The properties of ferrite that 
depend on the accessibility of external molecules to their internal 
surfaces, such as catalytic and adsorption efficiency, will be 45 
enhanced by shaping it into a monolithic form with an optimized 
pore structure.  In the present study, as the first demonstration of 
preparation of monolithic porous ferrite, we report synthesis of 
macroporous ferrite-based monolith, zinc ferrite (ZnFe2O4). 
Different routes for producing ferrite in a monolithic form have 50 
been reported; roughly categorized into solid state or wet 
chemical methods.  Wet chemical synthesis of zinc ferrite 
includes co-precipitation, hydrothermal method, sonochemical 
route, reverse micelle method, thermolysis technique, and sol-gel 
reaction.8  Among others, sol-gel approach has a potential of 55 
broad practical applications because it offers facile and 
homogeneous route to varied morphologies.  Sol-gel-derived 
materials are often prepared using metal alkoxides, for example, 
tetramethylorthosilicate (TMOS), as precursors.  The extension to 
mixed metal oxide system by the sol-gel method, however, is not 60 
straightforward.  Not a few disadvantages such as high reactivity, 
inhomogeneity in alkoxide mixture, and the unavailability of 
alkoxides containing specific metals, prevent one from obtaining 
desired crystalline phases and to control morphologies.  In order 
to prepare homogeneous mixed metal oxides, it is necessary to 65 
choose appropriate precursors; bimetallic alkoxide, or non-
alkoxides system.9  Non-alkoxide sol-gel route using cyclic ether 
was first reported by Gash et al. in 2001.10  Starting from metal 
salts, a cyclic ether such as propylene oxide is protonated from 
metal hydrate species, followed by the ring opening to form 70 
substituted alcohols, playing a role of “acid scavenger”.  The 
irreversible and in situ consumption of acid from the starting 
composition is advantageous to induce homogeneous hydrolysis 
and condensation of aquo-cations.  The route ensures a process at 
low temperature, with low cost and minimal reaction steps.  75 
Furthermore, the cyclic ether route can be applied to systems 
containing various metals; main group, transition, and rare 
earth.11,12  It is in general easy to be extended to mixed metal 
oxide system.13,14  Materials having different morphological 
features such as aerogels, thin film, and particles thus have been 80 
prepared by the above synthetic method. 
Utilizing the epoxide-mediated sol-gel system, monolithic 
macroporous alumina has been recently prepared.15  Combining 
the above reaction with polymerization-induced phase separation, 
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the spatial freezing of the transitional “co-continuous” structure 
led to the formation of well-defined macropores after drying.16  
The method has been used for the synthesis of monolithic 
macroporous mixed metal oxide, containing tri-, di-, or mono-
valent cations.17  Recently, we have already reported the 5 
synthesis of iron(III)-based xerogel monolith via sol-gel route 
with phase separation.18  In the previous paper, it has been 
revealed that the use of polyols as an additive solvent effectively 
inhibited uncontrolled precipitation of iron(III) (oxy)hydroxide to 
produce co-continuous macroporous structures in a monolithic 10 
from.  As an extension of the preceding research, macroporous 
zinc ferrite-based monoliths were synthesized in the present study 
from ionic precursors, iron(III) chloride hexahydrate and zinc(II) 
chloride, in water-glycerol solvents.  Macroporous morphology, 
macropore size and pore volume, could be easily controllable by 15 
changing the starting composition.  The effect of calcination 
condition (air or Ar) on macrostructure and crystalline phase was 
examined and compared with that in pure iron(III) oxide system.  
Experimental Section 
Synthesis 20 
In a glass tube, 1.61 g of FeCl3•6H2O (Sigma-Aldrich, USA, 
99+%), 0.41 g of ZnCl2 (Sigma-Aldrich, USA, 99+%) (Zn/Fe, R 
= 0.50 in molar ratio), and WPAAm g of PAAm (Poly(acrylamide); 
Sigma-Aldrich, USA, 50 wt% in water, with average molecular 
weight of 10,000) were dissolved in a mixture of 2.00 mL of 25 
distilled water and 2.00 mL of glycerol (Kishida Chemical, Japan, 
99.8%) to give a clear orange solution.  Alternatively, some 
samples with varied amount of solvents VH2O of distilled water 
and/or VGLY of glycerol, setting the total volume of VH2O and 
VGLY at 4.00 mL, were synthesized.  The addition of 1.88 mL of 30 
PO (Propylene Oxide; Sigma-Aldrich, USA, 99%) to the mixed 
solution ([PO]/{[Zn]+[Fe]} = 3 in molar ratio) at 30 ºC formed 
light brown opaque gel within 2-3 min.  Some samples were 
prepared with varied R (from 0.20 to 2.00) or without adding 
iron(III) chloride hexahydrate (only zinc chloride as a metal 35 
source), setting the total metal molar quantity identical to the 
other samples.  The glass tube containing precursor solution was 
sealed and kept at 60 ºC for gelation, aged at 80 ºC for 24 h, 
immersed in 2-propanol (Kishida Chemical, Japan, >99%) for 24 
h at 60 ºC three times, and then evaporation dried at 40 ºC.  Heat-40 
treatment in air for 4 h was carried out for some samples at 
temperatures up to 400 ºC with a heating rate of 5 ºC min-1, 
whereas calcination under Ar flow (1 L min-1) for 4 h was 
conducted at different temperatures up to 1000 ºC at a heating 
rate of 5 ºC min-1. 45 
Characterization 
Microstructures of samples were observed by a scanning electron 
microscope (SEM: JSM-6060, JEOL, Ltd., Japan, with Pt 
coating).  Elemental analysis was carried out by energy-
dispersive X-ray spectrometer (EDX: JED-2300, JEOL, Ltd., 50 
Japan).  Thermogravimetry (TG) and differential thermal analysis 
(DTA) (Thermo plus TG 8120, Rigaku Corp., Japan) 
measurement were performed on samples at a heating rate of 5 ºC 
min-1 supplying air at a rate of 100 mL min-1 from room 
temperature to 1000 ºC.  Chemical bonding analysis was 55 
measured by Fourier transform infrared spectroscopy (FT-IR: IR 
Affinity-1, Shimadzu Corp., Japan) using the KBr method; each 
spectrum was collected after 100 scans for the wavenumber range 
400-4,000 cm-1 at a resolution of 2 cm-1.  Mercury porosimetry 
(Poremaster 60-GT, Quantachrome Instruments, USA) was used 60 
to characterize the macropore of samples from 10 nm to 300 m.  
Micro/mesoporous structure was investigated by nitrogen 
adsorption-desorption apparatus (Belsorp mini II, Bel Japan Inc., 
Japan).  The pore size distribution was estimated by Barrett-
Joyner-Halenda (BJH) method using the adsorption branch, and 65 
specific surface area was calculated by Brunauer-Emmett-Teller 
(BET) method.  The X-ray diffraction (XRD) patterns with CuK 
radiation ( = 0.154 nm) (RINT-Ultima III, Rigaku Corp., Japan) 
was carried out in the diffraction angle from 10º to 90º to identify 
the crystalline phase. 70 
Results and Discussion 
Macroporous Morphology 
An appearance of as-dried sample is shown in Fig. 1a, and SEM 
images of as-dried samples with varied WPAAm (setting the total 
volume of water at 2.75 mL) are depicted in Fig. 1b-f.  In the case 75 
without PAAm, phase separation did not occur during the gelation, 
which indicates non-porous structure in the micrometer range 
(Fig. 1b).  On the contrary, the addition of PAAm formed 
macroporous structure; morphologies changed from fragmented 
skeleton (Fig. 1c and 1d) to homogeneous co-continuous 80 
structure (Fig. 1e).  Further increase in WPAAm formed a 
continuous gel matrix embedded with isolated pores (Fig. 1f).  
Comparing samples prepared with and without PAAm, PAAm is 
preferentially distributed to the gel phase, evidenced by TG-DTA 
and FT-IR analysis (see ESI S1†).19  Similarly to our previous 85 
work,18 PAAm works not only as a phase separation inducer but 
also as a network former. 
The effects of concentrations of water and glycerol on the 
morphology of as-dried samples are shown in Fig. 2a.  The total 
volume of solvents, (VH2O + VGLY + WPAAm x 0.5), was set at 4.75 90 
mL, while the values of VH2O or VGLY were varied.  Macroporous 
structures were remarkably changed; in samples prepared with 
the water concentration exceeding that of glycerol, large 
macropore was formed (Fig. 2a (i)), while a relative increase in 
glycerol concentration brought about smaller macropore size (Fig. 95 
2a (ii)-(iii)).  With the increase in the concentration of glycerol, 
pore size decreases as shown in Fig. 2b determined by mercury 
porosimetry; macropore size and porosity were 1.29 m and 72% 
(i), 702 nm and 67% (ii), and 550 nm and 67% (iii), respectively.  
They are in good agreement with the values estimated from SEM 100 
images.  Further increase in glycerol led to  
 
Fig. 1 (a) Appearance of as-dried sample, and SEM images of as-
dried samples with varied WPAAm; (b) 0.0 g, (c) 0.5 g, (d) 1.0 g, (e) 
1.5 g, and (f) 2.0 g. 105 
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Fig. 2 (a) SEM images of as-dried samples with varied volume 
ratio of VH2O/VGLY; (i) 2.25/1.75, (ii) 2.00/2.00, and (iii) 1.75/2.25, 
respectively.  (b) Macropore size distribution and cumulative 
pore volume of the samples (i)-(iii). 5 
the formation of fine structure with smaller macropores (see ESI 
S2†).  A solvent composition affects the co-continuous 
macrostructure owing to the solution viscosity and coordination 
effect derived from both glycerol and PAAm.  Considering 
glycerol is partly distributed to the gel phase, similarly to the 10 
previous synthesis, the interaction between metal hydroxide 
species and organic functional groups plays an important role.20  
Since there is no big difference in the gelation time among the 
samples shown in Fig. 2a-c (about 2-3 min in all cases), the 
development of phase separation depends largely upon the kinetic 15 
factors that is influenced by the relative amounts of water and 
glycerol.  The viscosity of glycerol-water solvent in the present 
synthetic condition (from 50 wt% to 80 wt% of glycerol in 
aqueous solution) differs by order of magnitude,21 which caused 
the change of the development of phase separation to form 20 
different phase-separated structure as shown in Fig. 2a-c. 
A change in the ratio Zn/Fe, R, influenced the morphology of as-
dried gels, shown in Fig. 3a-f.  When R is small, that is, the  
 
Fig. 3 SEM images of as-dried samples with varied the Zn/Fe 25 
ratio, R; (a) 0.20, (b) 0.33, (c) 0.50, (d) 1.00, (e) 1.50, and (f) 2.00, 
respectively. 
amount of Fe(III) is large compared to that of Zn(II), a well-
developed phase-separated structure, i.e. coarsened co-continuous 
structure was frozen (Fig. 3a).  With an increase in the value of R, 30 
co-continuous structure became finer as depicted in Fig. 3b-d, 
and when R becomes excessively large, fragmented co-
continuous structure was formed (Fig. 3e-f).  Without adding any 
iron(III) hexahydrate, no gelation took place, and only 
aggregation of spherical particles without micrometer-ranged 35 
network was observed (see ESI S3†).  The results suggest that the 
continuous skeleton in the micrometer range mainly consists of 
iron(III) hydroxide-based species.  Cui et al. proposed that in the 
synthesis of AlCo2O4 nanoparticles by epoxide-mediated sol-gel 
reaction, aluminum hydroxide-based gel was firstly formed 40 
without any precipitation of cobalt hydroxide-based species, and 
then hydrated cobalt species reacted with aluminum hydroxide-
based species at the skeleton surface; aluminum core with cobalt 
shell.14  Also in the case of preparation of ZnFe2O4, [Fe(H2O)6]
3+ 
in the mixed solution may have similarly enhanced the reactivity 45 
of [Zn(H2O)6]
2+, resulting in simultaneous hydrolysis and 
condensation to form iron hydroxide at the core and zinc 
hydroxide at the shell.14  The heterogeneity in hydroxide clusters 
grown in the solution containing multiple kinds of aquo-cations 
can be confirmed as follows.  In the epoxide-mediated sol-gel 50 
method, aquo-cation behaves as an acid in solution to promote 
the hydrolysis and condensation, and its acidity can be evaluated 
by pKa: acidity of M
X+ decreases in the order of X = 4 > 3 > 2.12  
In the present research, there is a large difference in pKa between 
[Fe(H2O)6]
3+ and [Zn(H2O)6]
2+ (2.2 and 9.5, respectively52-53), 55 
which led to the drastic morphological change with varied R, 
shown in Fig. 3.  In the case of small R, co-continuous skeleton 
composed of mainly iron(III) hydroxide-based species was 
formed (Fig. 3a-b).  On the other hand, when R is excessively 
large, the proportion of quickly precipitating [Fe(H2O)6]
3+ was 60 
too small to form continuous network of gels (Fig. 3d-f).  Besides, 
the aggregation of spherical particles observed in the case only 
zinc chloride present (see ESI S3†) is also accounted for by 
kinetic factor of precipitation that depends on pKa.  Although 
hydrolysis and condensation of [Zn(H2O)6]
2+ occurs 65 
homogeneously, the degree of pH increase in this synthetic route 
is not so high enough to form zinc-based continuous gel network, 
resulting in the formation of homogeneous particles without 
micrometer-ranged network.  After the heat-treatment under air, 
as-dried samples crystallized into ZnFe2O4 (R = 0.5), -Fe2O3 70 
with ZnFe2O4 (0.20<R<0.50), and ZnO with ZnFe2O4 (0.50< R 
<2.00), respectively (see ESI S4†). 
Heat-Treatment and Meso/Micropores 
Heat-treatment under air or Ar condition was carried out for 
samples prepared with VH2O = 2.00 mL, VGLY = 2.00 mL, and 75 
WPAAm = 1.5 g.  SEM pictures of samples calcined in air at 200 ºC 
and 300 ºC are shown in Fig. 4a, indicating co-continuous porous 
structures were not spoiled.  However, detailed information about 
pore structure could not be examined since monolithic form was 
lost to give fragmented pieces through the heat-treatment possibly 80 
due to the decomposition of glycerol in skeletons.18  Fig. 4b 
displays XRD patterns of samples as-dried and heat-treated in air 
at different temperatures.  No specific peaks were observed in as-
dried sample and that heat-treated at 200 ºC, because of the poor 
crystallinity in this synthetic condition.  Diffraction peaks 85 
ascribed to zinc ferrite, ZnFe2O4, appeared during the heat- 
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Fig. 4 (a) SEM images of samples calcined in air at 200 ºC (i) 
and at 300 ºC (ii).  (b) XRD patterns of as-dried and heat-treated 
samples at different temperature.  Closed circle indicates 
ZnFe2O4 crystalline phase. 5 
treatment in air above 300 ºC.  After the heating under air, the 
elemental analysis using EDX was carried out, which indicated 
the Zn/Fe ratio calculated from the counts of characteristic X-ray 
generated was close to the stoichiometric value (Zn/Fe = 0.42) as 
depicted in ESI S5a† and ESI S6†.  The decomposition of organic 10 
species in skeleton brought about the crystallization to ZnFe2O4 
as well as collapse of monolithic form similarly to previous 
report.18  On the other hand, Fig. 5a SEM images indicate both 
macroporous morphologies and monolithic form were perfectly 
preserved after the heat-treatment under Ar atmosphere at various 15 
temperatures.  While shrinkage of macropore and monolithic 
form was observed, macropore of sample heated at 600 ºC was 
maintained as evidenced by the mercury intrusion result (see ESI 
S6†).  After the calcination, with evolution of heating temperature, 
iron-based crystalline phases were mainly observed: Fe3O4 (or 20 
ZnFe2O4; the difference could not be clarified due to the same 
crystalline structure, spinel), Fe1-O, Fe3N, Fe4N, Fe3C and 
metallic Fe (Fig. 5b).  Generally, under an inert gas flow 
calcination, organic species become carbon, which behave as a 
reducing agent to induce “carbothermal reduction”.22  The carbon 25 
in skeleton triggers the formation of different partially/fully 
reduced crystalline phases.  Dried gel skeleton obtained consists 
of core-shell type hydroxide-based species; iron hydroxide core 
and zinc hydroxide shell, similarly to AlCo2O4 system discussed 
above.14  Similar heat-treatment of iron(III)-based gels in our 30 
previous research led to the formation of metallic iron from iron 
hydroxide at relative low temperature.  It is highly possible that 
zinc-based species are easily reduced to metallic zinc under this 
strong reductive atmosphere.18  Since it is well-known that 
metallic zinc exhibits remarkably low melting point about 419 ºC 35 
and high vapor pressure,23 molten zinc thus generated at the 
surface is possibly swept by the gas flow (1 L min-1) during the 
calcination, resulting in the absence of zinc-based crystalline 
phase.  EDX analysis was carried out to investigate the amount of  
 40 
Fig. 5 (a) SEM images of samples calcined under Ar at 400 ºC (i), 
500 ºC (ii), 800 ºC (iii), and 1000 ºC (iv).  Insets show 
appearances of heat-treated samples.  (b) XRD patterns of 
sample calcined under Ar at varied temperature.  Symbols 
indicate as follows: closed circle is Fe3O4 (or ZnFe2O4), open 45 
circle is Fe0.942O, inverted open triangle is Fe0.945O, open 
rhombus is Fe3N, closed rhombus is Fe4N, closed triangle is 
Fe3C, and open triangle is Fe, respectively. 
zinc and iron at the surface for samples after the heat-treatment in 
air (a) and Ar (b) (see ESI S5†).  Compared to the heat-treatment 50 
under air, the Zn/Fe ratio represents lower value in an inert 
condition (Zn/Fe = 0.08~0.22, summarized in ESI S6†), which 
indicates zinc-based species at the surface decrease through the 
heat-treatment under Ar flow. 
In the samples heated under Ar, nanometer-sized pore was 55 
formed to contribute large surface areas characterized by nitrogen 
sorption measurement in Fig. 6.  Both as-dried sample and that 
heated under Ar at 300 ºC possess no nanometer-sized pores, 
whereas further increase in temperature led to the formation of 
mesopore about 5-6 nm and micropore, resulting in large BET 60 
surface areas: 12 m2g-1 for as-dried, 19 m2g-1 at 300 ºC, 82 m2g-1 
at 400 ºC, 116 m2g-1 at 500 ºC, 179 m2g-1 at 800 ºC, and 163 m2g-
1 at 1000 ºC.  BET surface areas and pore size distribution in inset  
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Fig. 6 N2 sorption isotherms of as-dried sample and that of 
heated in Ar.  Inset indicates pore size distribution.  Symbols 
indicate as follows: open circle is as-dried, closed circle is Ar 300 
ºC, open square is Ar 400 ºC, closed square is Ar 500 ºC, open 5 
triangle is Ar 800 ºC, and closed triangle is Ar 1000 ºC, 
respectively. 
indicates the amount of nanometer-sized pores reaches a 
maximum at 800 ºC, and then calcination at higher temperature 
brought about the shrinkage of skeleton, which resulting in the 10 
decrease in the amount of nanometer-sized pores.  In all cases, 
mesopore derives from interstices between primary particles in 
skeleton, and micropore does from the pyrolysis of carbon, which 
contribute large specific surface areas. 
Conclusions 15 
In summary, spinel type zinc ferrite, ZnFe2O4, with well-defined 
macropores has been successfully synthesized for the first time 
via an epoxide-mediated sol-gel process accompanied by phase 
separation.  The macroporous morphologies could be controlled 
simply by the starting composition (macropore diameter ranges 20 
from 0.55 to 1.29 m).  The crystallization to zinc ferrite took 
place by heat-treatment in air above 300 ºC with preserving 
macroporous co-continuous structure, while calcination under Ar 
atmosphere formed various crystalline phases/carbon composites 
(Fe3O4, Fe1-O, Fe3N, Fe4N, Fe3C, and Fe) without spoiling co-25 
continuous structures as well as monolithic forms.  Obtained 
samples heated under Ar atmosphere possess hierarchically pores, 
macropore, mesopore, and micropore to contribute large specific 
surface areas. 
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Fig. S1 (a) TG-DTA curves for gel phase of as-dried samples prepared without PAAm (dashed 
lines) and with PAAm (solid lines).  Weight loss and exothermic peaks from 200 ºC to 300 ºC 
observed in both samples are ascribed to crystallization to ZnFe2O4 and decomposition of glycerol, 
and those from 300 ºC to 400 ºC observed in sample prepared with PAAm is the combustion of 
PAAm.  (b) FT-IR spectra of as-dried samples prepared without PAAm (dashed line) and with 
PAAm (solid line).  Dotted lines indicate as following bondings: C-N for 1,196 cm
-1
, CH2 for 1,420 
cm
-1




, and 3,342 cm
-1
, and C=O for 1,664 cm
-1
, respectively.  
Appearance of new bands and intensity growth derived from PAAm are observed. 
 Fig. S2 SEM images of as-dried samples with varied volume ratio of VH2O/VGLY; (a) 1.50/2.50, (b) 





Fig. S3 SEM image of as-dried sample synthesized from only zinc chloride as a metal precursor 
without adding any iron(III) chloride hexahydrate.  No micrometer-ranged skeleton was observed, 
and the aggregation of spherical particles less than 1 m was formed. 
 
 
 Fig. S4 XRD patterns of samples heat-treated in air at 300 ºC for 4 h with varied the ratio of Zn to 
Fe, R, from 0.20 to 2.00.  Symbols indicate as follows: open triangle is -Fe2O3, closed circle is 
ZnFe2O4, and open square is ZnO, respectively.  With increasing R, crystalline phase changes from 
-Fe2O3 through ZnFe2O4 to ZnO. 
 
 Fig. S5 EDX analysis of samples calcined under (a) air, and (b) Ar flow at different temperature. 
 
  
Table S6.  Caicination condition and the Zn/Fe ratio calculated from EDX analysis depicted in Fig. 
S5.  Under air heat-treatment, Zn/Fe is close to 0.50, which is starting composition, on the other 
hand, Zn/Fe decreases to 0.08~0.22 under Ar heat-treatment, which results indicates there are few 
zinc-based species at the surface. 
Calcination Condition Zn/Fe 
air 300 ºC, 4 h 0.42 
Ar 300 ºC, 4 h (with continuous Ar flowing) 0.20 
Ar 400 ºC, 4 h (with continuous Ar flowing) 0.22 
Ar 500 ºC, 4 h (with continuous Ar flowing) 0.19 
Ar 600 ºC, 4 h (with continuous Ar flowing) 0.08 
 
  
 Fig. S7 (a) SEM images of (i) as-dried sample and (ii) that of heated under Ar at 600 ºC.  (b) 
Mercury intrusion results indicate macropore size distribution and cumulative pore volume; as-dried 
sample (open circle) and calcined sample (open triangle).  Heat-treated sample also possessed 
well-defined macropore about 533 nm.  Compared to as-dried sample, shrinkage of macropore as 
well as reduction of cumulative pore volume was observed. 
 
